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gene products, Inv/Nphp2, Nphp3 and Nek8/Nphp9 are localized to the proximal segment in the pri-
mary cilium. However, the functional relationships are unknown. This study focused on phenotype
analysis of nek8 knockdown embryos and the genetic relationship between nek8 and inv in zebra-
ﬁsh. Knockdown of nek8 produced both pronephric cysts and abnormal cardiac looping. Simulta-
neous knockdown of nek8 and inv synergistically increased the incidence of these defects.
Interestingly, nek8 mRNA rescued inv morphant phenotypes, although inv mRNA could not rescue
nek8 morphant phenotypes. These results suggest that Nek8 acts downstream of Inv function.
Structured summary of protein interactions:
Inv physically interacts with Nek8 by pull down (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction shown to localize at primary cilia and basal bodies/centrosomesA primary cilium is a hair-like cellular organelle that projects
from the cell surface. It can be divided into a ciliary tip, shaft, tran-
sitional zone and basal body/mother centriole [1]. Cilia dysfunction
leads to human disorders called ‘‘ciliopathies’’, including polycystic
kidney disease, nephronophthisis (NPHP), Bardet–Biedl Syndrome,
Joubert syndrome (JBTS) and Meckel Gruber syndrome (MKS) [2].
More than 600 ciliary proteins have been identiﬁed by recent
cilia-proteome analysis [3], but the functional relationships among
ciliary proteins are largely unknown.
NPHP is an autosomal recessive cystic kidney disease that con-
stitutes the most frequent genetic cause of end-stage renal disease
in young adults and infants [4]. Twelve causative genes for NPHP
have been identiﬁed, and genetic interactions between Nphp1
and Nphp4, Inv/Nphp2 and Nphp4, and Nphp5 and Nphp6 have
been reported in a zebraﬁsh cyst model [5,6], suggesting that
functions of the NPHP gene products, nephrocystins, are closely
related in pronephric cyst development. Most nephrocystins havechemical Societies. Published by E
-type; MO, morpholino; hpf,
BTS, Joubert syndrome; MKS,
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).[7]. Nephrocystins can be divided into two groups according to
their intra-ciliary localization [8,9]. Group I nephrocystins (Nphp1,
4, 5, 6 and 8) have been shown to localize to the transitional zone
or basal bodies/centrosomes, whereas group II nephrocystins (Inv/
Nphp2, Nphp3 and Nek8/Nphp9) have been shown to localize to
the proximal segment of the ciliary shaft named the ‘‘Inv compart-
ment’’ [10]. Group I nephrocystins (Nphp1 and 4) are proposed to
function with MKS and JBTS proteins as a diffusion barrier at the
transitional zone [11]. In contrast, the function and relationship
of group II nephrocystins are unknown, except that Inv/Nphp2
functions as a molecular anchor for Nphp3 and Nek8/Nphp9 at
the Inv compartment in renal primary cilia [9].
Mutation in Nek8 was initially identiﬁed from a jck (juvenile
cystic kidneys) mouse, and mutations in NEK8were later identiﬁed
as a causative gene for NPHP9 [12–14]. Nek8 is a member of the
never in mitosis A-related kinases, which are deﬁned by a con-
served N-terminal serine/threonine kinase domain [15]. Among
12 nephrocystins, Nek8 is the only molecule which has a kinase
activity domain [16]. Inv/Nphp2 controls Nek8 accumulation to
the proximal segment of cilium [9]. Therefore, we hypothesize that
Nek8 has an important role in initiation and/or progression of renal
cyst formation working together with Inv/Nphp2 function. For
better understanding of the relationship between Nek8 and Inv/
Nphp2, it is important to examine the epistatic interactionslsevier B.V. All rights reserved.
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down of inv and nphp3 show left–right asymmetry defects in zeb-
raﬁsh [17]. However, it is unknown if depletion of Nek8 results in
left–right asymmetry defects in zebraﬁsh.
In the present study, we determined if Nek8 acts on left–right
determination like other group II nephrocystins, and examined
the epistatic interactions between Nek8 and Inv/Nphp2 in zebra-
ﬁsh. We show that Nek8 acts downstream of Inv during proneph-
ros morphogenesis and left–right establishment in vivo.
2. Materials and methods
2.1. Cloning and construction of zebraﬁsh nek8 and inv
A GST-Myc-tagged full-length mouse Inv construct has been de-
scribed previously [9]. The zebraﬁsh nek8 and zebraﬁsh inv coding
sequences were ampliﬁed by PCR from a zebraﬁsh cDNA pool and
were cloned into the pCS2+ vector and sequenced. EGFP or FLAG
tagged nek8 constructs were generated by PCR mediated cloning
into pCS2 + egfp or pT7-ﬂag-1 (Sigma) vectors. Primers for znek8
and zinv constructs are listed in Supplementary Table 1.
2.2. Evaluation of pronephric cysts using hspGGFF20A;UAS:GFP
zebraﬁsh line
Zebraﬁsh pronephros is divided into glomerulus (g) proximal
convoluted tubule (pct), proximal straight tubule (pst), distal early
(de), distal late (dl), pronephric duct (pd) and cloaca (c) [18].
Schematic zebraﬁsh pronephros is shown in Fig. 1A. To evaluate
expansion of pronephros, tubule outer diameter was measured
(Fig. 1B). In the enhancer trap hspGGFF20A;UAS:GFP (Tg-proneph-
ros) line, GFP driven by the GGFF transcription activator is ex-
pressed in the pronephros and heart [19,20]. Pronephros of the
hspGGFF20A;UAS:GFP zebraﬁsh line is shown in Fig. 1C. GFP
expression from the embryos was observed from 1 day post fertil-
ization (dpf) under a stereomicroscope (SZX16, Olympus) and a
confocal microscope (FV1000, Olympus).
2.3. Transfection of EGFP-tagged constructs into cultured renal cells
Transfection of mouse renal epithelial cells (Dai1 cells) was
carried out as previously described [10]. Transfected cells wereA
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Fig. 1. Pronephros segmentation and measurement of tubule outer diameter. (A) Diagram
proximal straight tubule (pst), distal early (de), distal late (dl), pronephric duct (pd) and
the hspGGFF20A enhancer trap transgenic line using the Gal4-UAS system, dorsal view.examined for sub-cellular localization of GFP-tagged Nek8 and
Inv constructs. Cilia were visualized with mouse anti-acetylated
a-tubulin antibody (clone 6-11B-1, [1:2000]) (Sigma) followed by
Alexa Fluor 555-conjugated goat anti-mouse IgG (Molecular
Probes). Fluorescence was visualized using an IX70 microscope
(Olympus).
2.4. Microinjection of morpholinos and synthetic mRNAs
We designed nek8-atg morpholino (MO) (50-TTCTCATACTTCTC-
CATGTTTTCGC-30), nek8-control (ctrl) MO (50-CTAGGACGGACACG
TGTTACCCAGG-30) and inv-ctrl MO (50-GGGCATAAATATCTTCTCCA
AGCCC-30). We used nek8-spl MO and inv MO as previously de-
scribed [12,21].
Primers for RT-PCR to examine effects of nek8-spl MO and inv-
spl MO are listed in Supplementary Table 1. Capped mRNAs were
synthesized by using the mMessage mMachine kit (Ambion). Mor-
pholinos (Gene Tools) and mRNAs were injected into the 1–2 cell
stage embryos.
2.5. GST-pull down assay
GST-Myc-tagged mouse Inv (GST-mInv-Myc) and FLAG-tagged
mouse Nek8 (FLAG-mNek8) produced in Escherichia coli BL21. Cells
were lysed in 20 mM Hepes pH 7.0, 400 mM NaCl, 10 mM EDTA,
2 mM EGTA, protease inhibitor cocktail (Roche), 0.1% Triton X-20
and 10 mM dithiothreitol. GST-mInv-Myc lysate was incubated
with GSH-Sepharose (Amersham) for 3 h at 4 C, followed by add-
ing FLAG-Nek8 lysate. Samples were incubated overnight at 4 C,
and washed ﬁve times with wash buffer (20 mM Hepes pH 7.4,
400 mM NaCl, 5 mM EDTA, 1 mM EGTA, 0.1% Triton X-20 and
5 mM DTT). Anti-Flag (1:2000 dilution, Sigma) and anti-myc
(1:4000, Sigma) antibodies were used for Western blotting.
2.6. Whole-mount in situ hybridization
The anti-sense southpaw RNA probe labeled with digoxigenin
was prepared using an RNA labeling kit (Roche). Brieﬂy, ﬁxed
embryos were hybridized with antisense RNA probes at 65 C over-
night in hybridization buffer (5  SSC, 50% formamide, 5 mM
EDTA, 0.1% Tween 20, 50 lg/ml heparin, and 1 mg/ml torula
RNA). After washing, embryos were incubated in blocking bufferB
tubule outer diameter
c
l pd
of zebraﬁsh pronephros at 2 dpf. [glomerulus (g), proximal convoluted tubule (pct),
cloaca (c)]. (B) Measurement of tubule outer diameter. (C) The pronephros region of
Left side is anterior. Scale bar (100 lm) is shown in the right panel.
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agent [Roche]) at room temperature for 2 h. Embryos were further
incubated with anti-digoxigenin antibody conjugated with alkaline
phosphatase (Roche) in blocking buffer at room temperature for
4 h. After washing, colorimetric reaction was carried out using
BM purple (Roche) as the substrate.
2.7. Data analysis and statistics
Percentage of pronephric cyst and MOs effect in tubule outer
diameter are indicated as mean ± standard deviation. Statistical
signiﬁcance of multiple groups for co-injection of MOs and
epistatic analysis was determined by one-way ANOVA with
Bonferroni’s post hoc test. The effect of MO injection on proneph-
ros outer diameter was assessed using Student’s t-test.
3. Results
3.1. Knockdown of nek8 results in ciliary dysfunction phenotypes
including curly tail down, abnormal cardiac looping, and pronephric
cysts
Two nek8 morpholinos, nek8-translational block morpholino
(nek8-atg MO) and splicing morpholino (nek8-spl MO), wereBA
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Fig. 2. Nek8 is required for ciliary function in zebraﬁsh. (A) Lateral views of zebraﬁsh W
(2 ng) (lower panel). (B) GFP expression in the hspGGFF20A enhancer trap transgenic lin
views of embryo injected with nek8-ctrlMO (upper panel) or nek8-atgMO (lower panel). S
in embryos injected with nek8-ctrl MO (2 ng, n = 145), nek8-spl MO (4 ng, n = 150) or nek
Ventral views of cardiac looping patterns in left-sided (left), no loop (middle), and right-s
looping pattern in embryos injected with nek8-ctrl MO (2 ng, n = 145), nek8-spl MO (4 ng
left-sided (left), bilateral (middle), and right-sided (right) at 15 somite stage. (G) Histogra
nek8-ctrl MO (2 ng, n = 74), nek8-spl MO (4 ng, n = 50) or nek8-atg MO (2 ng, n = 87).designed to knockdown nek8. Both nek8morphants produced curly
tail down morphology (Fig. 2A). The presence of pronephric cyst
was evaluated for the glomerular region (Figs. 1A and 2B) at 52 h
post fertilization (hpf). Injection of nek8-atg MO and nek8-spl MO
produced pronephric cysts (57% and 48% of injected embryos,
respectively) (Fig. 2B and C). Abnormal cardiac looping (Fig. 2D,
no loop and right loop) were observed at 52 hpf in 30% of nek8-
atg MO injected embryos, but infrequently in nek8-spl MO injected
embryos (Fig. 2E).
We examined southpaw expression by in situ hybridization at
the 15 somite stage, to see if nek8 is involved in an early phase
of left–right asymmetry establishment. In wild-type (WT) em-
bryos, southpaw was normally expressed in the left lateral plate
mesoderm (left side, 81%; bilateral, 11%; right side, 3%; and no
expression, 5%; Fig. 2F and G) [22]. The nek8-atg MO injected em-
bryos drastically increased abnormal southpaw expression patterns
(left side, 21%; bilateral, 16%; right side, 53%; and no expression,
10%; Fig. 2G).
Kupffer’s vesicle is known to be important for the early stage of
left–right body determination [23]. To examine if nek8 is expressed
in a stage when Kupffer’s vesicle is involved in the establishment of
left–right asymmetry, the expression of nek8 during development
was examined by RT-PCR. Expression of nek8 mRNA was detected
in 1–2 cell stage embryos (Fig. S1), suggesting that it is maternally%C
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Table 1
Knockdown of nek8 and inv results in glomerulus and proximal convoluted tubule dilation.
Tubule outer diameter (lm)
Glomerulus
28 hpf 52 hpf 76 hpf
nek8-ctrl MO 25.6 ± 3.50 (n = 12) 33.1 ± 5.17 (n = 10) 32.5 ± 3.96 (n = 12)
nek8-atg MO 26.3 ± 1.16 (n = 6) 60.7 ± 5.80** (n = 10) 76.8 ± 8.78** (n = 6)
inv-ctrl MO 25.8 ± 4.83 (n = 6) 30.6 ± 2.50 (n = 12) 30.6 ± 4.09 (n = 12)
inv MO 27.2 ± 5.69 (n = 14) 65.7 ± 11.1** (n = 14) 84.4 ± 8.50** (n = 8)
pct (proximal convoluted tubule)
28 hpf 52 hpf 76 hpf
nek8-ctrl MO 17.2 ± 2.01 (n = 12) 19.8 ± 1.95 (n = 9) 28.4 ± 2.44 (n = 12)
nek8-atg MO 23.6 ± 1.73* (n = 6) 25.6 ± 3.02* (n = 8) 31.3 ± 2.36 (n = 6)
inv-ctrlMO 21.3 ± 2.24 (n = 6) 21.4 ± 3.50 (n = 12) 26.0 ± 2.15 (n = 12)
inv MO 23.7 ± 2.62 (n = 13) 28.8 ± 4.44* (n = 12) 34.7 ± 4.74* (n = 8)
pst (proximal straight tubule)
28 hpf 52 hpf 76 hpf
nek8-ctrl MO 25.0 ± 2.85 (n = 12) 28.8 ± 4.53 (n = 10) 25.8 ± 2.42 (n = 12)
nek8-atg MO 25.2 ± 1.77 (n = 6) 27.7 ± 3.44 (n = 10) 24.5 ± 3.79 (n = 6)
inv-ctrl MO 25.6 ± 2.35 (n = 6) 28.9 ± 3.66 (n = 12) 27.1 ± 1.64 (n = 12)
inv MO 24.9 ± 2.73 (n = 14) 29.1 ± 3.77 (n = 14) 27.0 ± 2.18 (n = 8)
de and dl (distal early and distal late)
28 hpf 52 hpf 76 hpf
nek8-ctrl MO 25.0 ± 4.41 (n = 12) 26.4 ± 2.39 (n = 10) 25.6 ± 1.65 (n = 12)
nek8-atg MO 24.8 ± 2.56 (n = 6) 27.8 ± 3.1 (n = 10) 24.8 ± 2.79 (n = 6)
inv-ctrl MO 25.6 ± 3.11 (n = 6) 25.0 ± 3.84 (n = 12) 23.0 ± 2.04 (n = 12)
inv MO 22.2 ± 1.50 (n = 14) 26.9 ± 3.26 (n = 14) 25.9 ± 3.23 (n = 8)
* P < 0.05.
** P < 0.001.
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Fig. 3. Nek8 and Inv localize to the primary cilium, and have physical interaction. (A) Localization of EGFP-tagged zebraﬁsh Inv (zInv-EGFP) and zebraﬁsh Nek8 (EGFP-zNek8)
in wild-type mouse renal epithelial cells (Dai1 cells). Primary cilia were stained with the anti-acetylated a-tubulin antibody (ac-tubulin). Scale bars indicate 10 lm. (B) In
vitro pull-down assay of mouse Inv (mInv) with mouse Nek8 (mNek8). GST-mInv-Myc or GST-Myc lysate was incubated with FLAG tagged mNek8 (Input; FLAG-mNek8).
Nek8 was detected with anti-FLAG antibody (1:2000) (left panel). Anti-Myc antibody (1:4000) was used to detect GSH-sepharose precipitated mInv (right panel).
2276 H. Fukui et al. / FEBS Letters 586 (2012) 2273–2279supplied. In 8–10 somite stage embryos, the tail bud region, includ-
ing Kupffer’s vesicle, was separated from the body, and nek8
expression was examined. The expression of charon, adjacent to
Kupffer’s vesicle, was used as a posterior tail bud marker [24].
Expression of nek8 mRNA was observed in both the tail bud and
anterior regions (Fig. S1).
To conﬁrm that nek8-atgMO inhibited Nek8 protein production,
we injected znek8-egfp mRNA with nek8-atg MO into 1-2 cell stage
embryos (Fig. S2A). EGFP expression was strongly suppressed in
embryos co-injected with zek8-egfp mRNA and nek8-atg MO. RT-
PCR analysis showed that nek8-spl MO generated an abnormallysized transcript (Fig. S2B and C), indicating that nek8-splMO blocks
normal mRNA splicing.
Zebraﬁsh pronephros and mammalian metanephros share a
similar segmentation pattern [18]. To analyze development of
pronephric cysts in embryos injected with nek8-atg MO, we mea-
sured outer diameter of each pronephros segment (g, pct, pst and
de/dl) at 28 hpf, 52 hpf and 76 hpf. As shown in Table 1, expansion
of pronephros in embryos injected with nek8-atg MO was ﬁrst de-
tected in pct segment at 28hpf, followed by glomerulus at 52 hpf
and 76 hpf. Expansion of pct segment became less prominent at
76 hpf.
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Fig. 5. Nek8 acts downstream of Inv for ciliary function. (A–D) Epistatic interaction between nek8 and inv. Histograms showing the percentage of pronephric cysts (A and C)
and cardiac looping patterns (B and D) at 52 hpf. Phenotypes produced by injection nek8-atgMO (2 ng) were rescued by znek8 WTmRNA (n = 119, P < 0.0001), but not by zinv
WTmRNA (n = 87, n.s) (A and B). Phenotypes produced by injection of invMO (5 ng) were rescued by both znek8 WT (n = 69, P < 0.0001) and zinv WTmRNA (n = 94, P < 0.0001)
(C and D). These data were obtained from ﬁve independent experiments.
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Fig. 4. Genetic interaction between inv and nek8. (A) Histogram showing the percentage of pronephric cysts at 52 hpf. Bars from the left indicate injection of nek8-ctrl MO
(1.0 ng) with inv-ctrl MO (2.5 ng) (n = 120, 2.5%), nek8-atg MO (1.0 ng) with inv-ctrl MO (2.5 ng) (n = 97, 6%), inv MO (2.5 ng) with nek8-ctrl MO (1.0 ng) (n = 84, 7.5%), and
nek8-atg MO (1.0 ng) with inv MO (2.5 ng) (n = 110, 60%). The combined injection of nek8-atg MO and inv MO increased the percentages of the pronephric cysts (asterisks,
P < 0.0001). (B) Histogram showing the cardiac looping pattern at 52 hpf. Bars from the top indicate injection of nek8-ctrl MO with inv-ctrl MO (abnormal looping; 2%), nek8-
atg MO with inv-ctrl MO (abnormal looping; 1%), inv MO with nek8-ctrl MO (abnormal looping; 10%), and nek8-atg MO with inv MO (abnormal looping; 44%). The combined
injection of nek8-atg MO and inv MO increased the percentages of abnormal cardiac looping. These data were obtained from three independent experiments.
H. Fukui et al. / FEBS Letters 586 (2012) 2273–2279 22773.2. Injection of inv MO produces glomerular cyst as well as abnormal
cardiac looping
We have previously reported that mouse Nek8 and Inv are
localized in primary cilia in mouse renal epithelial cells [9]. In addi-
tion, injection of inv MO produced typical ciliary phenotypes
including curly tail down (Fig. S3A), pronephric cysts (Fig. S3B),
abnormal cardiac looping (Fig. S3C) and southpaw expression pat-
tern (Fig. S3D) as previously reported. RT-PCR analysis conﬁrmed
that inv MO inhibits normal inv transcript (Fig. S3E and F).
We examined the development of pronephric cysts in inv mor-
phant to see whether the pattern had any similarity to that of nek8morphants (Table 1). As already seen with the nek8morphant, pro-
nephric cyst was detected in pct segment at 52 hpf, and glomerular
cysts became prominent at 52 hpf and 76 hpf.
3.3. Zebraﬁsh Nek8 is localized in the primary cilia, and Nek8 directly
binds Inv
Since phenotypes produced by nek8 MO were typical of ciliary
dysfunction, we tried to conﬁrm that zebraﬁsh Nek8 (zNek8) and
Inv (zInv) are also localized in the primary cilia. GFP signals of
transfected EGFP-tagged zNek8 (EGFP-zNek8) and zInv (zInv-
EGFP) were indeed observed in the primary cilia (Fig. 3A).
2278 H. Fukui et al. / FEBS Letters 586 (2012) 2273–2279We next carried out a pull-down assay to examine physical
interaction between Nek8 and Inv. GSH-sepharose-bound
GST-Myc-tagged mouse Inv (GST-mInv-Myc) was incubated with
FLAG-tagged mouse Nek8 (FLAG-mNek8). Pull-down samples were
analyzed by Western blot analysis, and an anti-FLAG antibody was
used to detect Nek8. As shown in Fig. 3B, Nek8 was detected with
GST-mInv-Myc but not GST-Myc.
3.4. Nek8 synergistically functions with Inv in pronephros formation
and determination of cardiac looping
The pull-down assay and co-localization study of Nek8 and Inv,
as well as phenotype similarity of nek8 and inv morphants, sug-
gested that Inv and Nek8 may synergistically act in pronephros
development and cardiac looping determination. In a sub-optimal
dose MO injection, both nek8-atg and invMO injected embryos sel-
dom exhibited pronephric cysts (nek8-atg MO, 6% and inv MO, 7%;
Fig. 4A) and abnormal cardiac looping (nek8-atg MO, 1% and inv
MO, 10%; Fig. 4B). However, simultaneous injection of two MOs
drastically increased the percentage of pronephric cysts (64%,
Fig. 4A) and abnormal cardiac looping (44%, Fig. 4B).
3.5. Nek8 acts downstream of Inv in pronephros formation and
determination of cardiac looping
Finally, we examined the epistatic relationship between nek8
and inv. Full-length zebraﬁsh nek8 (znek8 WT) and inv (zinv WT)
mRNA were generated to rescue pronephric cysts and abnormal
cardiac looping produced by nek8-atg and inv MOs produced
(Fig. 5). Pronephric cysts and abnormal cardiac looping in nek8
morphants were rescued by injection of znek8 WT mRNA
(100 pg) but not zinv WT mRNA (100 pg) (Fig. 5A and B). A higher
dose of zinv WT mRNA injection (200 pg) was not effective to
rescue nek8 morphant phenotypes (data not shown). In addition,
injection of high doses of nek8 WT or inv WT mRNA (300 pg) pro-
duced convergent extension defects (data not shown). However,
left–right abnormality and renal cysts produced by nek8 and inv
MO injection were not observed in mRNA-injected embryos. Most
interestingly, pronephric cysts and abnormal cardiac looping in inv
morphant were rescued not only by injection of zinv WT mRNA
(100 pg) but also znek8 WT mRNA (100 pg) (Fig. 5C and D).
4. Discussion
The present study provided two major ﬁndings regarding nek8
function. First, depletion of Nek8 resulted in randomization of
left–right axis as well as pronephric cysts in zebraﬁsh. Second,
Nek8 directly bound to Inv, and functioned downstream of Inv dur-
ing pronephros morphogenesis and left–right axis establishment.
We also showed, for the ﬁrst time, the advantages of using the
hspGGFF20A;UAS:GFP line, which enables observation of the
whole pronephric region and cardiac looping in 3D-live imaging.
Both nek8-atg MO and nek8-spl MO treatment produced pro-
nephric cysts. Zebraﬁsh pronephros can be divided into segments
(Fig. 1A), which are equivalent to mammalian metanephros seg-
ments. Each segment possesses distinct functions for ﬁltration,
secretion and reabsorption [25]. Depending on causative cystic
protein function, distinct pronephric segments are affected. For
example, mutation in leucine-rich repeat-containing 50 (lrrc50),
which affects ciliary motility by regulating dynein assembly, re-
sults in distinctive pronephric cyst phenotypes. Cysts are mostly
observed from medial to posterior tubule, but not at glomerulus
and pct [26]. nphp4 knockdown initially affects cloacal morpho-
genesis and subsequently results in pronephric cyst phenotypes
[6]. In contrast to lrrc50 and nphp4, formation of pronephric cystsin nek8 and inv morphants were observed at glomerulus and pct
regions (Table 1). Nek8 and Inv interacted physically, and co-local-
ized in the proximal portion of the cilia. Furthermore, nek8 syner-
gistically functioned with inv (Fig. 4). These results suggest that
Nek8 and Inv function in the same pronephric segments, support-
ing the idea that Nek8 and Inv work together in zebraﬁsh proneph-
ros development.
Left–right defects have not been reported in human patients
with Nek8/Nphp9 mutation (H425Y, A497P and L330F), jck (nek8
mutant) mice (G448V), or nek8-spl MO-treated zebraﬁsh [12,14].
In zebraﬁsh, we showed that left–right randomization occurred
after injection nek8-atg MO but not nek8-spl MO (Fig. 2E and G).
The reason why nek8-spl MO injection did not produce left–right
asymmetry is unclear. We consider two possibilities. First,
nek8-spl MO produces incomplete proteins, which may still func-
tion to establish proper left–right asymmetry. Second, the mater-
nally supported nek8 transcript, which is inhibited by nek8-atg
MO but not inhibited by nek8-splMO, may compensate for the role
of the nek8 gene in determining left–right asymmetry. In fact, we
detected nek8 mRNA during early zebraﬁsh development
(Fig. S1). Knockdown of inv and nphp3 also show left–right ran-
domization in zebraﬁsh [17]. Our results provide evidence that
all group II nephrocystins (Inv/Nphp2, Nphp3 and Nek8) are linked
to left–right axis establishment in zebraﬁsh.
Most interestingly, injection of nek8 mRNA was able to rescue
inv morphant phenotypes. However, injection of inv mRNA was
not able to rescue nek8morphant phenotypes (Fig. 5). These results
suggest that Nek8 acts downstream of Inv. Genetic studies have
suggested that nephrocystins function in a closely related fashion.
Our epistatic interaction data provide the ﬁrst clue for understand-
ing the nephrocystin-signaling hierarchy.
Zebraﬁsh Nek8 and Inv are localized to the primary cilia
(Fig. 3A), suggesting that interaction between Nek8 and Inv occur
in the primary cilia. Combined with our previous report that Inv
acts as a molecular anchor of Nphp3 and Nek8, our results suggest
that Nek8 could be a possible executor of the group II nephrocystin
complex. These ﬁndings provide further understanding of the
Nphp signaling pathway for maintaining ciliary function.
Acknowledgments
We thank Ms. K. Nakata for technical assistance, Drs. N. Sugiy-
ama and D. Kobayashi for valuable comments, and the National
BioResource project from the Ministry of Education, Culture,
Sports, Science and Technology of Japan for maintenance of the
ﬁsh. The zebraﬁsh southpaw construct was kindly provided by
Dr. Michael Rebagliati (IGBMC, France).
This work was supported by a Grant in Aid for Young Scientists
(start-up) from the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) of Japan (21890221) to H.F. and by a
Grant-in-Aid for Young Scientists from MEXT (21790187) to D.S.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.febslet.2012.
05.064.
References
[1] Ishikawa, H. and Marshall, W.F. (2011) Ciliogenesis: building the cell’s
antenna. Nat. Rev. Mol. Cell Biol. 12, 222–234.
[2] Hildebrandt, F., Benzing, T. and Katsanis, N. (2011) Ciliopathies. N. Engl. J. Med.
364, 1533–1543.
[3] Pazour, G.J. (2004) Comparative genomics: prediction of the ciliary and basal
body proteome. Curr. Biol. 14, R575–R577.
H. Fukui et al. / FEBS Letters 586 (2012) 2273–2279 2279[4] Hildebrandt, F., Attanasio, M. and Otto, E. (2009) Nephronophthisis: disease
mechanisms of a ciliopathy. J. Am. Soc. Nephrol. 20, 23–35.
[5] Schafer, T., Putz, M., Lienkamp, S., Ganner, A., Bergbreiter, A., Ramachandran,
H., Gieloff, V., Gerner, M., Mattonet, C., Czarnecki, P.G., Sayer, J.A., Otto, E.A.,
Hildebrandt, F., Kramer-Zucker, A. and Walz, G. (2008) Genetic and physical
interaction between the NPHP5 and NPHP6 gene products. Hum. Mol. Genet.
17, 3655–3662.
[6] Slanchev, K., Putz, M., Schmitt, A., Kramer-Zucker, A. and Walz, G. (2011)
Nephrocystin-4 is required for pronephric duct-dependent cloaca formation in
zebraﬁsh. Hum. Mol. Genet. 20, 3119–3128.
[7] Simms, R.J., Hynes, A.M., Eley, L. and Sayer, J.A. (2011) Nephronophthisis: a
genetically diverse ciliopathy. Int. J. Nephrol. 2011, 527137.
[8] Sang, L., Miller, J.J., Corbit, K.C., Giles, R.H., Brauer, M.J., Otto, E.A., Baye, L.M.,
Wen, X., Scales, S.J., Kwong, M., Huntzicker, E.G., Sfakianos, M.K., Sandoval, W.,
Bazan, J.F., Kulkarni, P., Garcia-Gonzalo, F.R., Seol, A.D., O’Toole, J.F., Held, S.,
Reutter, H.M., Lane, W.S., Raﬁq, M.A., Noor, A., Ansar, M., Devi, A.R., Shefﬁeld,
V.C., Slusarski, D.C., Vincent, J.B., Doherty, D.A., Hildebrandt, F., Reiter, J.F. and
Jackson, P.K. (2011) Mapping the NPHP-JBTS-MKS protein network reveals
ciliopathy disease genes and pathways. Cell 145, 513–528.
[9] Shiba, D., Manning, D.K., Koga, H., Beier, D.R. and Yokoyama, T. (2010) Inv acts
as a molecular anchor for Nphp3 and Nek8 in the proximal segment of primary
cilia. Cytoskeleton (Hoboken) 67, 112–119.
[10] Shiba, D., Yamaoka, Y., Hagiwara, H., Takamatsu, T., Hamada, H. and
Yokoyama, T. (2009) Localization of Inv in a distinctive intraciliary
compartment requires the C-terminal ninein-homolog-containing region. J.
Cell Sci. 122, 44–54.
[11] Williams, C.L., Li, C., Kida, K., Inglis, P.N., Mohan, S., Semenec, L., Bialas, N.J.,
Stupay, R.M., Chen, N., Blacque, O.E., Yoder, B.K. and Leroux, M.R. (2011) MKS
and NPHP modules cooperate to establish basal body/transition zone
membrane associations and ciliary gate function during ciliogenesis. J. Cell
Biol. 192, 1023–1041.
[12] Liu, S., Lu, W., Obara, T., Kuida, S., Lehoczky, J., Dewar, K., Drummond, I.A. and
Beier, D.R. (2002) A defect in a novel Nek-family kinase causes cystic kidney
disease in the mouse and in zebraﬁsh. Development 129, 5839–5846.
[13] Iakoubova, O.A., Dushkin, H. and Beier, D.R. (1995) Localization of a murine
recessive polycystic kidney disease mutation and modifying loci that affect
disease severity. Genomics 26, 107–114.
[14] Otto, E.A., Trapp, M.L., Schultheiss, U.T., Helou, J., Quarmby, L.M. and
Hildebrandt, F. (2008) NEK8 mutations affect ciliary and centrosomal
localization and may cause nephronophthisis. J. Am. Soc. Nephrol. 19,
587–592.[15] Bowers, A.J. and Boylan, J.F. (2004) Nek8, a NIMA family kinase member, is
overexpressed in primary human breast tumors. Gene 328, 135–142.
[16] Zalli, D., Bayliss, R. and Fry, A.M. (2012) The Nek8 protein kinase, mutated in
the human cystic kidney disease nephronophthisis, is both activated and
degraded during ciliogenesis. Hum. Mol. Genet. 21, 1155–1171.
[17] Zhou, W., Dai, J., Attanasio, M. and Hildebrandt, F. (2010) Nephrocystin-3 is
required for ciliary function in zebraﬁsh embryos. Am. J. Physiol Renal Physiol.
299, F55–F62.
[18] Wingert, R.A. and Davidson, A.J. (2008) The zebraﬁsh pronephros: a model to
study nephron segmentation. Kidney Int. 73, 1120–1127.
[19] Asakawa, K., Suster, M.L., Mizusawa, K., Nagayoshi, S., Kotani, T., Urasaki, A.,
Kishimoto, Y., Hibi, M. and Kawakami, K. (2008) Genetic dissection of neural
circuits by Tol2 transposon-mediated Gal4 gene and enhancer trapping in
zebraﬁsh. Proc. Natl. Acad. Sci. U.S.A. 105, 1255–1260.
[20] Asakawa, K. and Kawakami, K. (2009) The Tol2-mediated Gal4-UAS method
for gene and enhancer trapping in zebraﬁsh. Methods 49, 275–281.
[21] Otto, E.A., Schermer, B., Obara, T., O’Toole, J.F., Hiller, K.S., Mueller, A.M., Ruf,
R.G., Hoefele, J., Beekmann, F., Landau, D., Foreman, J.W., Goodship, J.A.,
Strachan, T., Kispert, A., Wolf, M.T., Gagnadoux, M.F., Nivet, H., Antignac, C.,
Walz, G., Drummond, I.A., Benzing, T. and Hildebrandt, F. (2003) Mutations in
INVS encoding inversin cause nephronophthisis type 2, linking renal cystic
disease to the function of primary cilia and left–right axis determination. Nat.
Genet. 34, 413–420.
[22] Long, S., Ahmad, N. and Rebagliati, M. (2003) The zebraﬁsh nodal-related gene
southpaw is required for visceral and diencephalic left–right asymmetry.
Development 130, 2303–2316.
[23] Essner, J.J., Amack, J.D., Nyholm, M.K., Harris, E.B. and Yost, H.J. (2005)
Kupffer’s vesicle is a ciliated organ of asymmetry in the zebraﬁsh embryo that
initiates left–right development of the brain, heart and gut. Development 132,
1247–1260.
[24] Hashimoto, H., Rebagliati, M., Ahmad, N., Muraoka, O., Kurokawa, T., Hibi, M.
and Suzuki, T. (2004) The Cerberus/Dan-family protein Charon is a negative
regulator of Nodal signaling during left–right patterning in zebraﬁsh.
Development 131, 1741–1753.
[25] Hostetter, C.L., Sullivan-Brown, J.L. and Burdine, R.D. (2003) Zebraﬁsh
pronephros: a model for understanding cystic kidney disease. Dev. Dyn. 228,
514–522.
[26] Sullivan-Brown, J., Schottenfeld, J., Okabe, N., Hostetter, C.L., Serluca, F.C.,
Thiberge, S.Y. and Burdine, R.D. (2008) Zebraﬁsh mutations affecting cilia
motility share similar cystic phenotypes and suggest a mechanism of cyst
formation that differs from pkd2 morphants. Dev. Biol. 314, 261–275.
